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It is predicted that in 2025 there would be 75 billion devices connected to the Internet 
of Things. With this immense growth, radio frequency communication will not have 
the required bandwidth to keep abreast. Power Line Communication allows a 
communication signal to be transmitted on any electrical infrastructure. The 
communication signal is connected to the electrical infrastructure using a coupling 
circuit. This coupling circuit galvanically isolates the communication signal from the 
power line voltage. By implementing Power Line Communication, the strain on radio 
frequency communication can be relieved. The purpose of this research is to design and 
implement an improved coupling circuit. The improved coupling circuit is required to 
be easily manufactured, be reliable and more cost effective than traditional coupling 
circuits. Power Line Communication will be used to complement radio frequency 
communication, thus a considerable number of coupling circuits will be manufactured. 
A quantitative experimental research method was used. A traditional coupling circuit 
was characterised with the aim to improve on it. A method to integrate the coupling 
circuit was proposed and implemented. The performance of the improved coupling 
circuit was compared to a study in 2008. The traditional coupling circuit operated 
between 90 kHz to 150 kHz, CENELEC D band. Whereas the improved coupling 
circuit operates at 1MHz to 100 MHz, G.9960/G.9961. The two Power Line 
Communication couplers cannot be directly compared to one another; however the 
frequency response can be juxtaposed. The integrated coupling circuit is compared to a 
commercial coupling circuit in size and cost. The equations used to design the 
traditional coupling circuit at a lower frequency holds for coupling circuits designed to 
operate at a higher frequency. For a coupling circuit to be valid the operating frequency 
should conform to standard, block the power line voltage and allow the communication 
signal to pass through the coupling circuit with minimum attenuation. The 
implementation of an improved coupling circuit was found to be successful. The 
improved coupling circuit is easily manufactured, reliable and cost effective. Further 
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CHAPTER 1: INTRODUCTION 
1.1 INTRODUCTION 
Power Line Communication (PLC) allows information to be sent over an existing 
electrical power transmission system. By using the existing electrical infrastructure as 
a transmission medium there is no need for any additional wiring. 
 
The term smart grid is typically used hand in hand with PLC. The term grid in smart 
grid refers to the electrical grid. The electrical grid refers to everything between the 
power station and the consumer. This include the transmission lines, substations and 
the electrical wiring in houses and business premises. The term smart refers to two-way 
digital communication between any two or more devices connected to the grid. One of 
the uses of this communication is to allow the power station to monitor power 
consumption on the grid [1].  
 
With the immense amount of predicted IoT devices in the future there will be an 
increase in smart grid connected devices. The smart grid allows for intelligent control 
of smart devices by means of monitoring and interaction [2]. Communication of devices 
connected on the smart grid can be achieved by using either Radio Frequency (RF) or 
Power Line Communication (PLC).  These devices connected to the smart grid forms 
part of Internet of Things (IoT). 
 
The Internet of Things is a network of computing devices, machines, objects and 
appliances with unique identifiers that allow the transfer of data without human 
interaction [3]. Unique identifiers are sensors and/or actuators that capture data or 
perform specific actions that can be classified as nodes. There are various predictions 
that forecast the total number of internet connected devices in 2021. The estimates vary 
from 23.2 billion projected by IoT Analytics [4], to 25 billion by Gartner [5] and 35.82 
billion from Statista [6]. If Statistas’ approximations are correct there would be 4 nodes 
per person in 2021 and by 2025, with approximately 75 billion IoT devices, each person 
will have 9 nodes. However, the calculations don’t account for developing countries. 
Devices that can connect to IoT are endless. The devices depicted in the figure below 
are only a few examples. 






Figure 1 - Internet of Things [7] 
 
Low-power RF uses radio frequencies to transmit communication signals from one 
device to another. Radio and TV broadcasts, GSM for cell phones, wireless LAN and 
Bluetooth all form part of RF.  With the large amount of predicted IoT devices the 
existing bandwidth of RF will not be able to support large volumes of data. Also, RF 
signals are vulnerable to physical obstructions between communicating devices which 
shorten the distance these devices can communicate [1]. These limitations are evident 
when RF communication is used in apartments with multiple tenants and 
communication between different levels, subsequently limiting communication 
distance. Implementing an PLC network can solve the mentioned limitations [1].  
 





Figure 2 - Attenuation of RF Through Different Materials [8] 
 
The figure above shows the signal attenuation through different materials. Depending 
on the materials used in the construction of the building, it may have a large impact on 
the signal attenuation. Concrete walls with reinforcing cause a greater impact on the 
signal losses. Walls do not obstruct PLC communication signals since the power line 




Figure 3 - Smart Devices Connect to the Grid via Coupling Circuits 




The figure above illustrates a typical, idealised, PLC network in a home. The devices 
are connected to the power line via coupling circuits. This allows the devices to 
communicate to each other using the existing power line infrastructure. 
 
 
Figure 4 - Typical PLC Coupler 
 
The figure above shows a typical PLC coupler. The coupler allows for two-way 
communication on the existing power line infrastructure. The coupler consists of 3 
components, namely a capacitor, an inductor and a transformer. The coupler is used to 
isolate the communication signal on the power line from the line voltage, the working 
of PLC couplers will be discussed in a later chapter. 
 
1.2 PROBLEM STATEMENT 
Creating a smart grid with multiple devices can be complex. Typically, a smart grid is 
created by using PLC couplers. However, Power Line Communication coupling 
devices use multiple components to connect to the electrical infrastructure. The 
additional components increase the total cost of the coupling circuit and increases the 
size of the coupling circuit.  
 
The communication signal on the power line should be low voltage and high frequency. 
Low voltage signals are used so that there are no voltage spikes on the power line that 
may damage appliances. High frequency communication signals are used so that the 
communication signal can be filtered from the power line low frequency voltage. Also, 
the high frequency signal allows for higher data transfer rates.  
 




To communicate on the power line a coupling circuit is required. For a coupling circuit 
to be implemented correctly the are two main requirements. The first is that the coupling 
circuit must have the ability to filter the low frequency, high power line voltage. 
Secondly allow the low voltage, high frequency communication signal to be 
galvanically isolated from power line. Power Line Communication coupling circuits 
use multiple components to filter the 50 Hz electrical power from the communication 
signal as depicted in Figure 4. The bandpass filter that allows the low voltage, high 
frequency communication signal to pass through must have a constant phase shift as 
well as have a low signal attenuation inside the chosen bandwidth of the communication 




The scope of this project is to design and implement an improved coupling circuit that 
is reliable and more cost effective than conventional coupling circuits. The improved 
coupling circuit must use less components than traditional coupling circuits, this must 
be accomplished by keeping manufacturing cost and complexity low, effortless 
implementation, connect to any mains power line and must be efficient. Only the design 
and characterization of the coupling circuit will be part of the scope for this dissertation.  
 
1.3.1 Hardware  
The core of the coupling circuit’s transformer will be bought off the shelf, this will 
reduce the cost and keep manufacturing simplistic. The coupling circuit will be 
redesigned for efficient coupling and a reduced number of components. 
 
1.3.2 Circuit Design 
A preliminary alternative coupling circuit will be designed for the sake of proving a 
concept. A final improved coupling circuit can then be constructed. The alternative 
coupling circuit will be evaluated against existing coupling circuits. The improved 
coupler will have fewer discrete components. 
 




1.4 IDENTIFIED ISSUES AND CONSTRAINTS 
The requirements and constraints are the basis of the project and must be well defined 
to ensure that the project is successful. 
 
1.4.1 Cost 
The manufacturing cost must be kept at a minimal, thus a simplistic design will be used. 
Also, the design must allow for the use of off the shelf components such as transformer 
cores; transformer wire; capacitors; heat shrink and solder wick. Doing this there is no 
need for specialised components.  
 
1.4.2 Manufacturing 
The improved coupling circuit must be manufactured and produced without the need of 




The improved coupling circuit will be connected to high voltage AC power and 
galvanic isolation should be incorporated to ensure a safe product.  
 
1.5 ASSUMPTIONS AND EXCLUSIONS 
There are a few assumptions and exclusions that must be declared: 
 
• The transmission and receiver circuit of the PLC modem is excluded from the 
scope of this thesis. 
 
• The thesis will exclude any development of communication software for the 
modem employing the improved coupling circuit. 
 
1.6 REQUIREMENT SPECIFICATIONS 
• The improved coupling circuit must be reliable, robust and provide a permanent 
solution. 
 




• The improved coupling circuit should not add any noise to the communication 
signal. 
 
• The coupling circuit should not allow any high voltage power to cross over to 
the low voltage communication output. 
 
• The improved coupling circuit must be easily manufactured, have repeatable 
performance and be cost efficient. 
 
1.7 OVERVIEW OF THE DOCUMENT 
The requirements of the project. The problem statement will be looked at in more detail 
and analysed. This chapter will ensure that the problem requirements are listed and that 
the problem is understood.  
 
The literature review is discussed in chapter 2 and illustrates the current technology 
regarding coupling circuits. The aspects of the design will be compared to each other 
to determine the best solution to the problem.  
 
The proposed alternative coupling circuit design is performed in chapter 3. Unwanted 
parasitic elements of components will be exploited. These include parasitic capacitance 
and inductance. These parasitic elements will be enhanced to become phantom 
components and replace physical components. 
 
All the experimental work is discussed in chapter 4. A detailed discussion on the 
experimental setup and equipment used will be provided. The characterization of 
transformers will be scrutinized and a methodology to characterize coupling circuits 
will be deliberated. 
 
The results are listed and analysed in chapter 5, the results are compared to the 
requirements and constraints listed in chapter 1.  
 
Finally, chapter 6 is the conclusion. Future work will also be discussed in this chapter.  
 





Design and implementation of an improved coupling circuit that will reduce the cost of 
traditional coupling circuits. The effectiveness of the coupling circuit will also be 
improved.  As discussed in this chapter coupling circuits use multiple components each 
have unique parasitic properties which cannot be determined beforehand, the additional 
components increase the size of the coupling circuit and it increases the cost of 
implementation. 
 
In conclusion this chapter has discussed the requirements and constraints. The safety, 
reliability and consistency of the manufactured product was reflected upon, and all 
assumptions and exclusions listed. The next chapter is the literature review where all 
the research conducted will be discussed




CHAPERTER 2: LITERATURE REVIEW 
2.1 INTRODUCTION AND OVERVIEW 
In this chapter, all relevant concepts and designs will be presented and analysed as the possible 
solutions to the improved coupling circuit will be discussed. To set up a coupling circuit several 
aspects must be considered, these aspects and theoretical knowledge will then be applied to 
create an improved solution. Research is done to be familiarised with the current technology in 
Power Line Communication and determine where improvements can be made.  
  
2.2 HISTORY OF PLC  
Two of the first registered Power Line Communication (PLC) patents date to 1897 and 1901. 
The first patent was awarded in Britain, while the second was registered in Germany. Thus, 
Power Line Communication has been utilized for more than a century and a lot of research has 
been done on the topic. Power line companies in the 1920’s used PLC to implement their own 
telephone network and other companies have used PLC to switch off geysers during peak hours 
as a form of load shedding. [9] 
 
With the introduction to the Internet of Things (IoT), internet users now can access information 
and monitor everyday devices. These devices can communicate and interact via the internet and 
can be remotely monitored and controlled. Power Line Communication may be the way future 
devices are interconnected in home automation and offices. [10]  
 
To create an alternative, improved coupling circuit various coupling methods must be researched 
and compared. The coupling circuit must be characterised to determine the parasitic elements 
and a model must be constructed to simulate the theoretical working of the coupling circuit. 
These elements are significant at high frequencies and cause components to react non-ideally. 
The parasitic elements influence the working of the coupling circuit. These parasitic components 
are unique to each component and it is not possible to determine beforehand, thus before the 
coupling circuit can be designed and implemented the characteristics of each component must 
be understood and measured [9]. Coupling circuits distort incoming impulses from the power 
line side to the communications side [11]. 
 




To estimate the distortion of the signal beforehand the characteristic of the couple circuit should 
be known. To determine and understand the characteristics of the coupling circuit an equivalent 
circuit including the parasitic effects must be created. This is determined in this thesis by using 
impedance measurements of the coupling circuit, Bode analyser measurements and simulations. 
Knowing the functionality of each component in a coupling circuit is important to design one. 
 
2.3 COUPLING METHODS 
There are a multiple of different ways in which PLC-modems can be coupled to the power line. 
Each of these have their own advantages and disadvantages. Traditionally capacitive and 
inductive coupling methods have been used but there are resistive and antenna coupling methods 
as well. These different coupling methods will be discussed in more detail. [12] [13] [14] 
 
2.3.1 Inductive/Capacitive Coupling  
The capacitors block the low frequency high voltage power and allow the low voltage high 
frequency communication signal to pass through. At low frequencies the impedance of 
capacitors are high and block low frequency voltages. The impedance of a capacitor decreases 
as the frequency increase.  
 
Inductive/capacitive coupling circuits have low insertion losses and deliver the highest power 
transfer to the communication circuit [9].  Inductive/capacitive coupling circuits mitigate the 
need for transformers and reduces the cost. The mitigation of a transformer also removes the 
galvanic isolation provided by transformers. The main use of inductive/capacitive coupling 
circuits are for low voltage applications [15] [16].  A typical capacitive coupler is created with a 
third order band pass filter as shown in Figure 5 below. This type of band pass filter has a high 
roll-off frequency response of 60 dB/decade at the cut-off frequency. The cut-on frequency of 
the band pass filter below is 2.1GHz and the cut-off frequency 2.4GHz [17] 
 
   
Figure 5 - Capacitive Coupling Circuit [17] 




The combined components create a band pass filter. The main advantage of inductive/capacitive 
coupling is the low insertion losses and is less expensive than inductive coupling. [9] 
 
2.3.2 Resistive Coupling 
Resistive coupling is rarely used in PLC couplers shown in the figure below. This technique 
implements the use of voltage dividers to superimpose the communication signal onto the power 
line and is shown in the figure below. The resistive coupling circuit is only able to receive 
communication signals. The voltage divider in the figure below reduces the voltage level of the 
power line to logic level, this also shrinks the communication signal. The main disadvantage of 
resistive coupling is the lack of galvanic isolation between the power line and communication 
circuit, this will be discussed in subsection 2.4.2. Resistive coupling is inefficient, the circuit 




Figure 6 - Resistive Coupling Circuit [14] 
 
2.3.3 Magnetic Coupling 
Magnetic coupling is achieved by electromagnetic coupling through a transformer, this is shown 
in the Figure 7 below. Transformers are low cost and add galvanic isolation. The core material 
the transformer is made of can affect the working thereof, the core of the transformer may add 
non-linearity and distort the communication signal transmitted and received. Depending where 
on the B-H curve the transformer is operated the coupling circuit may show signs of linearity 
around the operating frequency. [18] 
  




Transformer coupling adds galvanic isolation that is not present in the previously discussed 
coupling methods. There are two ways in which transformer coupling can be done. The first 
method is series transformer coupling that can be implemented. The other method of transformer 




Figure 7 - (a) Series Magnetic Coupling (b) Current Magnetic Coupling [12] 
 
In Figure 7 b the transformer is placed around the electrical conductor, this forms a current 
transformer. The straight conductor passes through the core of the transformer, this creates a 
single turn primary winding. The secondary windings are wrapped around the core. This type of 
transformer is used in high voltage applications. After the transformer coupling the 
communication signal needs to be filtered from the low frequency power line voltage. 
 
2.3.4 Antenna Coupling 
The first coupling method used in PLC is antenna coupling, this is also the cheapest coupling 
method [20]. The coupling is done through an antenna that is placed close to the power line, the 
main application of antenna coupling is in the voice communication bandwidth [21]. The main 
disadvantage of antenna coupling is the high power losses that occur when coupling to the power 
line [22]. 
 
2.4 PLC CONSTRAINTS AND ADVANTAGES 
The improved coupling circuit will be coupled to the power line using inductive coupling. The 
advantages and constraints will be discussed below. Using power networks for communication 
is effective since the power line can be used for a dual purpose. However, using a power network 
for communication is difficult since it is not suitable for high frequency communication. There 




may be excessive noise on the power line cable from external interference such as the switching 
of switch mode power supplies. High frequency communication signals will experience 
attenuation because of transmission line losses. There is no way to determine the impedance of 
the power line beforehand and there might be interference from standing waves caused by 
incorrect impedance matching or termination impedance, also the line impedance is dynamic due 
to load variations. Electromagnetic interference can occur between the coupling circuit and the 
power line. All these issues fluctuate with time and load, thus cannot be predetermined and 
designed for [23]. The constraints and advantages will be discussed in more depth.  
 
2.4.1 Impedance Matching 
One of the limitations of Power Line Communication is that the termination impedance cannot 
be matched with the source impedance and the transmission line. The impedance of the 
transmission line is influenced by appliances connected to the power line. For instance, when 
the compressor of a fridge is running the line impedance is different to when the fridge is off 
[23]. In the design of the PLC coupler the varying impedance must be considered to ensure that 
there are minimal reflections on the power line [24]. 
 
2.4.2 Galvanic Isolation 
The main advantages of using a coupling that has a transformer in the circuit is the galvanic 
isolation. By galvanically isolating the power line from the communication circuit the mains 
voltage is not directly connected to the low voltage circuit. The galvanic isolation is achieved by 
using a transformer [25]. The use of a transformer adds unwanted parasitic elements to the power 
line coupler. Galvanic isolation mitigates ground loops created. Further, by changing the winding 
ration between the primary side and secondary side of the transformer the reflected termination 
impedance on the receiver side can be altered to match the impedance of the power line.  [26] 
[27] 
 
2.4.3 Surge Protection 
Power Line Communication couplers are directly connected to the power line. The voltage of 
the power line is not always stable and experiences surges. These surges are high voltage and 
have transient currents that can damage the PLC circuit [28]. This spike in current can occur 
from short circuits, faulty appliances, lightning strikes and load shedding [29]. 
 




2.4.4 Signal Attenuation 
Signal attenuation is the loss of transmitted power. The communication signal amplitude reduces 
because of the length of the power line, high frequency losses and the impedance of the line [30]. 
The signal can be boosted by using repeaters or the coupler must amplify the communication 
signal for effective communication. 
 
2.4.5 Components 
With the design of PLC couplers, the components used should be well understood before design 
and implementation. Electrical components aren't ideal and present parasitic elements. The 
parasitic elements of each component will be discussed in the next section. 
 
2.4.6 Cost 
The use of PLC is advantageous since the communication signal is transferred using the existing 
power line infrastructure [31]. Power Line Communication couplers use a low component count. 




One drawback of coupling circuits is that all components have parasitic elements. These parasitic 
elements cause the phase angle of the communication signal to shift depending on the frequency. 
The distortion of the communication signal limits the amount of data that can be transmitted on 
the power line. A signal sent on the power line gets distorted [25].  
 
2.4.8 Security 
Since the communication signal is on the power line, anyone has the ability to access the signal 
when they connect directly to the power line. The risks can be mitigated by implementing 
encryption techniques.  
 
2.5 OPERATING FREQUENCY AND BANDWIDTH 
Utility companies use PLC for remote metering, these remote meters operate at low frequencies 
and have band rates in the order of kilobits per second. Broadband systems operate at higher 
frequencies that range from 2 MHz to 30 MHz, at these higher frequencies the bit rate is up to 




200Mbps. The higher bit rate allows high-speed internet access, High Definition (HD) television 
and voice-over internet protocol. [24] 
 
The IEEE Std 1901-2010 is a standard for high speed (up to 500 Mbps at the physical layer) 
communication devices connected to the electric power lines, often called broadband over power 
lines (BPL).[1] The standard uses transmission frequencies below 100 MHz. This standard is 
usable by all classes of BPL devices, including BPL devices used for the connection (<1500m 
to the premises) to Internet access services as well as BPL devices used within buildings for local 
area networks, smart energy applications, transportation platforms (vehicle), and other data 
distribution applications (<100m between devices).[2] 
 
Power line cables are not originally designed for high frequency communication signals, these 
communication signals radiated may interfere with radio broadcast receivers. There are 
regulations set in place for narrowband (NB)-PLC and broadband (BB)-PLC. European 
Committee for Electrotechnical Standardization (CENELEC) consist of four bands, these bands 
range from 9 to 148.5 kHz. [32] 
 
There are a few high frequency standards as well. Namely the IEEE 1901 specifies operations 
between 2 MHz to 50 MHz, where the optimal service range is above 30 MHz. Also, ITU-T 
G.hn (G.9960/G.9961) operates from 2 MHz to 100 MHz. The flow chart below shows the 
different standards within PLC and the operating frequencies [32] 
 





Figure 8 - Power Line Communication Bands [32] 
 
2.6  COMPONENTS OF COUPLING CIRCUITS WITH PARASITIC 
ELEMENTS 
Coupling circuits are used to distinguish between two signals of different frequencies. The 
coupling circuit must block the high voltage and low frequency power line voltage whilst 
allowing the low voltage high frequency communication signal to pass [9]. The coupling circuit 
is required to perform as a band pass filter. A band pass filter reject signals at frequencies lower 
than the cut-on frequency and signals with frequencies higher than the cut-off frequency. These 
are indicated on the figure below. Signals with frequencies between the cut-on and cut-off 
frequency are allowed to pass through. This is shown in Figure 9 below: 
















Figure 9 - Illustration of a Bandpass Filter [33] 
 
The image above shows the bandwidth in which a bandpass filter allows a signal to be 
transmitted.  
 
As discussed in the section above there are multiple methods of power line coupling. This section 
will investigate the parasitic elements in a capacitive PLC coupling circuit with galvanic 
isolation. The ideal galvanic isolated coupling circuit is shown in figure below: 
  
Figure 10 - Ideal Coupling Circuit 
 
The ideal coupling circuit is composed of a series capacitance that blocks low frequency signals 
and allow the carrier frequency of the communication signal to pass through, a series inductor 
and a transformer used to couple the primary to the secondary, this adds galvanic isolation [9]. 
The filtering of the power line and communication signal causes the waveform to be phase 
distorted and phase delayed [34]. A signal that has been distorted or phase delayed will not 
cut-on frequency 




resemble the input signal. For instance, a pulse as an input will be rounded and no longer square 
at the output, since a square wave is composed of multiple sine waves with different frequencies 
modulated together, the filter blocks the high frequency components and rounds the output pulse.  
 
2.6.1 Conductors 
Conductors used to connect components are assumed to be ideal. However, these conductors and 
connections cause a voltage drop between components. Also, at high frequencies skin effect 
causes an increase in the losses since the resistance of the conductor and connections increase. 
Conductors also present parasitic elements such as capacitance between two conductors closely 
separated and inductance from conductors being looped and at high frequencies the inductive 
reactance increases. [9] 
 
The phenomenon known as skin effect causes the current at high frequency to concentrate near 
the surface of the conductor. This reduces the surface area of the conductor, causing an increase 
in resistance [9]. The equation below is an estimation of the skin depth for a sinusoidal excitation: 
 






  [ m ] (2.1) 
 
The symbol for skin depth in meters is δ. The conductivity of the material is denoted with σ. The 
permeability of free space is shown as µ0 and the relative permeability of the material with µr. 
Finally, the frequency is denoted with by f. This equation can be simplified by substituting in the 
values for a copper conductor, as done above. Better estimations of different wave forms can be 
found in [35]. 
 
Closely separated wires cause parasitic capacitance between them. The capacitance between two 
long conductors that are cylindrical and straight can be calculated using the equation below [36]:  
 
 




















where, ε is the permittivity of air between the conductors, the distance between the conductors 
is denoted as d, the length of the conductors by l and the radii of the conductors by a. The 
approximation result only applies when the distance between the conductors are far greater than 
the radii of the conductors. 
Figure 11 - Graphical representation of the symbols depicted in equation 2.2 
 
Finally, the self-inductance of a conductor conducting a current at high frequency is caused by 
the magnetic field created by the alternating current, this magnetic field opposes the flow of 
current. The opposing flow in current causes a back EMF across the terminals, the magnitude of 
the EMF is proportional to the ratio between the length and diameter of the conductor [9]. The 
parasitic inductance can be calculated using [37]: 
 
 𝐿 ≈ 2𝑙 [2.3 log10(
4𝑙
𝑑
− 0.75)]   [𝑛𝐻] (2.3) 
 
The self-inductance of the straight conductor is L, l and d show the length and diameter of the 
conductor respectively. The ratio between the length and diameter of the conductor influences 
the self-inductance. The self-inductance is independent from frequency, however the reactance 
of the conductor is proportional to the frequency. 
 
2.6.2 Resistors 
Resistors are avoided in Power Line Communication since the resistance causes a power loss 
and subsequent attenuation of the communication signal. The resistance of a resistor can be 




calculated by using R = ρl/A [9]. The resistivity of the material is depicted with ρ and the length 
with l, the cross-sectional area in which the current flows is represented by A. As discussed 
above skin effect reduces the area in which current flows, thus at higher frequency the resistance 
of a conductor increases. 
 
2.6.3 Capacitors 
Capacitors used in coupling should be rated for high frequency and high voltage. The high 
frequency current needs to be able to pass through the capacitor and the high-power line voltage 
must be filtered [9].  
 
The coupling capacitor can be characterised separately or in series with the transformer. By 
characterising the capacitor separately, the likelihood of incorrectly characterised elements is 
mitigated. Figure 12 below represents a circuit diagram of the parasitic elements of a capacitor. 
 
 
Figure 12 - Equivalent Circuit of Capacitor [9] 
 
Using an impedance analyser, the series inductance, resistance as well as capacitance can be 
measured across a range of frequencies. Capacitors are used in Power Line Communication for 
many reasons [38], capacitors are used to create filters, coupling and in modem circuitry [39]. 
The capacitive reactance of an ideal capacitor can be calculated by using the operating frequency, 





 [𝛺] (2.4) 
  
The impedance of ideal capacitors decreases as frequency increases according to equation 2.4. 
However, this is not the case since the internal equivalent series inductance (ESL) of the 
capacitor causes the impedance to increase at high frequency. 
 






Figure 13 - Impedance vs Frequency of Capacitor [9] 
 
The capacitance resonates with the equivalent series inductance, as indicated in Figure 13 by 
fRES. At the resonating frequency, fRES, the equivalent series resistance dominates. After the 
resonant frequency the equivalent series inductance dominates the resulting impedance, thus the 




Similar to capacitors, inductors also have parasitic elements that cause the inductor to behave 
differently at higher frequencies. The equivalent series resistance (ESR) and capacitance are 
shown in the figure below, the R and C shown are parasitic elements and not physical 
components. The capacitance is created between the turns of the inductor also referred to as 
inter-turn capacitance. 
 
Figure 14 - Equivalent Circuit of Inductor [9] 
 
The impedance of an ideal inductor rises with frequency; however, the inductor has a parasitic 
parallel capacitance. High frequency current is passed through the inter-turn capacitance and 
decreases the impedance. 
 





Figure 15 - Impedance vs Frequency of Inductor [9] 
 
2.6.5 Transformers 
A transformer is made by magnetically coupling two or more conductors. For efficient coupling 
at high frequency, the number of winding turns around the transformer core can be increased. 
Typically, a high-permeability magnetic core is used such as a ferrite core. At low frequency the 
operation of a transformer can be explained using the magnetising inductance, the leakage 
inductance and resistive elements representing winding and core losses only. However, this 
representation of a transformer does not apply to high frequencies, at high frequencies parasitic 
elements become prominent and change the behaviour of the transformer 
 
A general equivalent transformer model with parasitic elements is shown in Figure 16 [9]. On 
the primary side RP represents the winding resistance, the leakage inductance is represented by 
LLP, magnetising inductance is depicted by LM, core losses by RC and inter-turn capacitance by 
CP. 
 
On the secondary side of the transformer the winding resistance is RS, secondary inter-turn 
capacitance is CS, secondary leakage inductance, LLS and inter-winding capacitance between the 
primary and secondary windings, CPS. The most common method is measuring the impedance 
from the primary side with the secondary side open circuit and closed circuit, which will be 
discussed at a later stage. 
 
Figure 16 - Equivalent Circuit of Transformer [9] 




The parasitic components of the transformer also cause the impedance to vary with frequency, 
as shown in Figure 17 below. At low frequencies the impedance increases gradually since the 
primary side of the transformer is an inductor, the impedance increases until the resonant point 
between the magnetising inductance and the parallel capacitance is reached. The first resonant 
peak is caused by the parasitic parallel capacitance, CP, causing a low impedance circuit at higher 
frequency, thus the impedance decreases. The second increase in impedance is caused by the 
leakage inductance in the transformer’s primary winding. Finally, the impedance decreases 
again, and this is caused by the parasitic inter-winding capacitance CPS and the secondary inter-





Figure 17 - Impedance vs Frequency of Transformer Referred to the Primary [9] 
 
To ensure that the transformer does not saturate the flux density of the transformer must be 






 [T] (2.5) 
 
The peak-to-peak voltage of the communication signal is represented by, VM, assuming the 
power line voltage is blocked by the series capacitance. The frequency of the carrier wave is 
donated by f and A the cross-sectional area of the core and N the number of turns on the power 
line side of the transformer. [9] 
 




When designing a transformer, it is imperative that the maximum flux density of transformer’s 
core is not exceeded. When the flux density is exceeded the core saturates causing: 
 
• Distortions in the signal across the secondary winding. 
• The current in the primary to increase. 
• An increase in losses in the transformer core. 
• The transformer core to heat up. 
 
2.7 DESIGN OF TRADITIONAL COUPLING CIRCUIT 
The coupling circuit in [9] is a combination of inductive/capacitive and magnetic coupling. The 
low frequency power line voltage is filtered from the communication signal before galvanically 
isolating the power line from the communication side. 
 
The first consideration of designing a powerline communication coupling circuit is to determine 
the minimum line impedance, as the line impedance fluctuates so does the bandwidth of the 
coupling circuit. If the transformer used in the coupling circuit does not have a 1:1 winding ratio, 
the transformer winding ratio is then chosen to correct for the termination impedance, then the 
maximum power output of the communication circuit is matched to the coupling transformer 
power input so that the maximum allowed communication signal voltage on the power line is 
not exceeded. If the impedance of the line reduced to less than the designed value, the maximum 
power of the communication signal is transmitted without exceeding the maximum line voltage 
regulation. [9] 
 
2.7.1  Series Capacitor 
The series capacitor of the coupling circuit is used as a voltage dropper and creates a band pass 
filter, this filters the low frequency, high voltage from the power line and allows the 
communication signal to pass through. The series capacitor and series inductance of the 
transformer creates a series resonant circuit, this can be calculated with equation 2.6 below. The 
leakage inductance in [9] is enhanced to create an artificial series inductor, mitigating the need 
for an external inductor. 
 
If this series resonant circuit is terminated with a resistor a second order bandpass filter is created 
and has a roll-off of -40 dB/decade. If a higher order bandpass filter is required, parallel 




capacitors need to be placed on the primary and secondary terminals of the transformer. [40] 
[41] 
 
A resonant frequency in the centre of the band is designed for, the different communication 
bands were discussed above. The series capacitance and series inductance of the transformer-





 [𝐻𝑧] (2.6) 
 
The series inductance, L, and C the series capacitance are depicted in the equation. The series 
inductor used in the coupling circuit can be integrated into the leakage inductance of the 
transformer, this will be discussed later in this chapter. If the series inductance created by the 
leakage inductance is not sufficient it can be increased by adding an external inductor in series 
with the transformer. [9] 
 





 [𝐻𝑧] (2.7) 
 
The R in the equation above refers to the termination resistance of the coupling circuit and the 
series capacitance is denoted by C. The high-frequency cut-off point can be calculated by using 





 [𝐻𝑧] (2.8) 
 
The termination resistance is shown as R. It is optimal to choose a cut-on frequency one octave 
below the lower limit of the desired frequency, this is done to ensure that the coupling circuit 
does not filter the communication signal. The bandwidth of the coupling circuit is determined by 
the difference between the cut-on and cut-off frequency. 




2.7.2 Operating Frequency 
The bi-directional coupler designed in [9] was for the CENELEC D band. This bands range from 
90 kHz to 150 kHz, as discussed in subsection 2.6.5. The lower frequency will put more strain 
on the core of the transformer since the flux density is inversely proportionate to the operating 
frequency as discussed in subsection 2.6.1. The highest copper losses will occur at the higher 
frequency due to skin effect. 
 
2.7.3 Winding Ratio 
In a traditional inductive coupler, the winding ratio can be altered between the primary, line side, 
and secondary communication side. This alteration influences the reflected impedance from the 
secondary side to the primary side of the transformer. For instance, if the transformer of the 
coupling circuit had a winding ratio of 1:7, a 50 Ω termination impedance will be reflected as a 
1 Ω impedance on the power line. The power line impedance varies and ranges from 0.2 ohm to 
2 Ω [42] [43].  The winding ratio of the transformer cannot be varied after the coupling circuit 
has been built. Each coupling circuit must be designed for each use case. The winding ratio of 







Where Zin the input impedance, Zload the load impedance and a
2 the winding ratio. In high 
frequency electronics a transmission line impedance of 50 Ω is used. The 50 Ω impedance is a 
compromise between lowest loss and highest power handling. As discussed above the 
termination impedance must match the transmission impedance. For the design process 
conventional standards for the termination impedance has been used, even though the 
transmission line impedance does not match the termination impedance. 
 
A 1 Ω power line impedance is selected because of the trade-offs. The termination impedance 
does not influence the resonant point but does influence the cut-on and cut-off frequencies, this 
is discussed in [9]. Also, the amplitude response of the coupling circuit is changed. If the 
coupling circuit is designed for the lowest power line impedance the bandpass filter range would 
be of the correct bandwidth. If the power line impedance increased the bandwidth of bandpass 
filter would increase, this has no detrimental effect on the communication signal. [9] 
 




The power line impedance used to design the coupling circuit influences a lot of factors. The 
transformer core size is influenced by the power transmitted on the power line. The transmitted 
power then influences the cross-sectional area of the conductors. The conductor size then 
influences the number of turns that can be wound around the transformer core. This then 
influences the magnetising and leakage inductance and flux density. The design of transformers 
and coupling circuits have inter-dependencies i.e., each design choice influences another. Thus, 
a few design iterations are needed to obtain the desired results. [9] 
 
Table 1 - Winding choice [9]. 
 
 
The table above shows the optimal winding ratio for power lines with different loads and 
impedances. For a long power line that is lightly loaded the transformer of coupling circuit can 
be wound with a winding ratio of 1:1. 
 
2.7.4 Voltage Levels 
The regulations of CENELEC, EN 50065.1, states that the maximum allowed peak-to-peak 
voltage for narrow band communication transmitted on the power line is limited to 5V at 9 kHz 
and 1V at 95 kHz. For broad band communication the maximum voltage is 5V which equals 134 
dBµV. [45] 
 
 20 log(𝜇𝑉) = 20 log(5 × 106) = 134 𝑑𝐵𝜇𝑉 (2.10) 
 




2.7.5 Maximum Power and Current 
As mentioned above a minimum power line impedance of 0.2 ohm is assumed. This relates to a 
maximum power throughput of 3.17 W and a maximum current of 3.56 ARMS. [9]  
2.7.6 Core Material 
A core material must be selected for the coupling circuit. It is advised to use a ferrite core; these 
cores have a high saturation flux density.  The flux density can be calculated using equation 3.4 
and it is important that the flux density does not exceed the saturation flux density of the 
transformer core of 400mT for most ferrite materials. 
 
2.7.7 Current Density 
Billings [46] shows that the current density for a certain rise in conductor temperature is given 
by the empirical equation: 
 
 𝐽 ≈  𝛼. 𝐴𝑝−0.125 [𝐴/𝑐𝑚2] (2.11) 
 
where α is a constant at a certain temperature and core shape and Ap refers to the area product 
of the core, this can be calculated by multiplying the cross-sectional area by the window area for 
the available winding. The Mn-Zn ferrite has a constant α = 4.5 at 30 ̊C. [9] 
 
2.7.8 Skin Effect 
The optimum strand diameter is typically chosen between δ and 2δ, depending on the proximity 
effect and other design factors. Equation 2.1 is an estimation for the skin depth and holds for 
copper at 50 ̊C. 
 
2.7.9 Number of strands 
To ensure that the current flows more or less uniformly through the copper wire a Litz-bundle 
can be created with multiple strands [9]. The number of strands can be calculated using the 











where J is the current density calculated in (2.10) and the radius of the individual strand is 
denoted by r. 
 
2.7.10 Number of Turns 
The number of turns effects the magnetising inductance, leakage inductance and flux density of 
the transformer. The maximum amount of turns that fit into the window of the transformer core 
must be calculated with a packing-factor of 50% to 60%. This ensures that the copper windings 
will fit. [9] 
 
2.7.11 Leakage Inductance 
The leakage inductance of the transformer can be calculated using the equation below [47]: 
 






∙ (𝑎 + 𝑏 + 3𝑐) ∙ 𝑁2 [𝐻] (2.13) 
 
The equation stated above is valid for one primary and one secondary layer. The turn length is 
represented by T and the window width is w. The winding thickness, secondary winding 
thickness and isolation thickness are represented by a, b and c respectively. Finally, N represents 
the number of turns on the side the leakage inductance refers to. Figure 18 below shows a 
diagram of the window with the symbols graphically. 
 
The leakage inductance can be enlarged by winding the primary winding loosely around the core 
of the transformer. Otherwise, an external inductor can be placed in series with the transformer 
to increase the series inductance. If the transformer’s leakage inductance is too high the number 
of turns on the primary can be reduced, this also decreases the turn length. [25] 
 






Figure 18 - Cross-section Through a Planar Transformer and MMF Distribution Across Window [9] 
The transformer construction of the improved coupling circuit will not be based on the section 
above. 
 
2.7.12 Magnetising Inductance 
The magnetising inductance of the transformer aids in filtering the low-frequency power signal 





∙ 𝑁2 ≡ 𝐴𝐿 ∙ 𝑁
2 (2.14) 
 
where Ae and le represent the cross-sectional area of the core and the flux path-length 
respectively. The subscript “e” refers to the effective values, which may differ from the physical 
ones. If the manufacturer of the transformer core provides the inductance factor (AL), the total 
inductance can be calculated by multiplying AL with the number of turns squared (N
2). To 
calculate the magnetising inductance, the leakage inductance needs to be subtracted from the 
total inductance calculated using equation 2.13. To increase the total inductance of the 
transformer an air gap can be added by increasing the number of turns. A higher magnetising 
inductance will improve the filtering of low frequencies. [25] 
 
2.8 CONCLUSION 
From the research done a proof of concept coupling circuit can be constructed. The improved 
coupling circuit will be constructed and designed based on the calculations used in [9]. This 




conceptual coupling circuit will consist of a single triaxial cable. The series capacitance and 
series inductance will be formed using the parasitic elements of the triaxial cable.  
 




CHAPTER 3: DESIGN OF PROPOSED INTEGRATED 
COUPLING CIRCUIT 
3.1 INTRODUCTION AND OVERVIEW 
In this chapter the design of the proposed integrated coupling circuit will be discussed. The 
constraints have been discussed in the previous chapters. This chapter aims to use the 
information gained in the previous chapters so that a design can be implement that follow the 
constraints and specifications. The design of the integrated coupling circuit will also reveal 
several known and unknown problems that might arise. Currently there are no integrated 
coupling circuits on the market. This means that in the design process there are no templates to 
work from and because of this there are a lot of components that can be designed in very different 
ways. This is one proposed method of designing an integrated coupling circuit. The proposed 
integrated coupling circuit is based off the coupling circuit in [9]. 
 
3.2 PRELIMINARY PROOF OF CONCEPT OF INTEGRATED COUPLING 
CIRCUIT 
For a preliminary proof of concept an integrated coupling circuit was built. A length of triaxial 
cable was wound around an E30 ferrite core and the frequency response was measured with a 




Figure 19 - Cross-sectional View of Triaxial Cable Used in the Integrated Coupling Circuit 




The figure below shows a simple schematic of the triaxial cable. The triaxial cable is wound 
around a E30 ferrite transformer core. 
 
Figure 20 - Schematic of the Integrated Coupling Circuit 
 
From the schematic above the core of the triaxial cable is represented with A, the first shield of 
the triaxial cable is depicted as B and the second shield is denoted with C. The second shield 
around the coaxial cable is made using solder wick. Solder wick is made of braided copper 
strands that form a hollow tube. The series capacitance of the integrated coupling circuit is 
integrated between the core and the shield of the triaxial cable. The difference between creating 
the capacitor across the transformer, A to B’, and one sided, A to B, will be investigated in 
chapter 5. The terminals of the primary winding, power line side, are between A and B’, this 
implies that the entire series capacitor is wound around the transformer core. The secondary 
winding, communication side, of the transformer is between C and C’. This is also represented 










Figure 21 - Circuit Diagram of Integrated Coupling Circuit with Schematic Labels 
core 






Figure 22 - Bode Plot of Preliminary Integrated Coupling Circuit 
 
The red cross at 400 kHz is the -3dB point of the cut-on frequency. These results indicate that 
the integrated coupling circuit will be used for a high frequency standard. The integrated 
coupling circuit, as is, does not conform to any band standard. Since the Bode plot of the 
preliminary integrated coupling circuit showed promising results it was decided to move forward 
and design an integrated coupling circuit step by step. These design steps are discussed in the 
next section and required a good understanding of which dimensions were responsible for 
changing the capacitance, magnetising - and leakage inductance of the structure. 
 




For the design of the integrated coupling circuit a coaxial wire with known parameters will be 











































Bode Plot of Preliminary Integrated Coupling Circuit
 Amplitude [dB]  Phase [deg]




flat solder wick was opened into a tube before the bought coaxial cable was fed inside. To ensure 
that the exposed solder wick did not cause any shorts it was fed through a thick PVC tube.  The 
core, A, of the now triaxial wire and first shield, B in Figure 20, will form the required series 
capacitance. This conductor arrangement forms the series capacitor for the coupling circuit as 
well as form the primary winding of the transformer. The second shielding around the coaxial 
cable will form the secondary of the transformer. The leakage inductance of the transformer 
referred to the primary side is the amount of energy stored in the magnetic field [48]. 
 
Since the series capacitance of the integrated coupling circuit is dependent on the capacitance of 
the coaxial wire there is a limit to the capacitance and in turn the cut-on frequency of the coupling 
circuit is influenced. The electric field of the capacitance is stored in the PE dielectric between 
the core and first shield of the triaxial cable, between A and B in Figure 20. The cut-on frequency 
will determine the band in which the communication signal will be transmitted. However, due 
to the inter-connected nature of integrated circuits, the magnitude of components is directly 
related to each other and by altering one value the others are also changed. For this reason, the 
design of the integrated coupling circuit is dynamic, and the components are constantly altered 
to keep up with the design. The commercial coaxial cable used to create the series capacitance 
has a capacitance value of 101.97 pF/m [49]. 
 
3.3.2 Operating Frequency 
The integrated coupling circuit will be designed for the G.9960/G.9961 standard as discussed in 
the previous section. The series capacitance in conjunction with the transformer’s leakage 
inductance creates a series-resonant coupling circuit. A centre frequency of 50 MHz can be 
calculated with equation 2.6. Further, the lower cut-on frequency one octave lower than the 2 
MHz and a cut-off frequency one octave higher than 100 MHz is selected, these can be calculated 
using equations 2.7 and 2.8 respectively. 
 
3.3.3 Winding Ratio 
The transformer is made using a triaxial cable with a winding ratio of 1:1. Because the secondary 
and primary windings of the transformer are made from a single cable of equal length the 
winding ratio will have the desired value. If a certain winding ratio is desired it can be achieved 
by tapping out the primary at a set amount of turns and continuing to turn the triaxial around the 
core, this increases the amount of turns on the secondary and alter the winding ratio. With a 




winding ratio of 1:1 the impedance reflected on the primary is the same as the impedance on the 
secondary, thus no impedance transformation occurs. This also means that the incident voltage 
is the same on both sides of the transformer. The winding ratio was chosen arbitrarily to be 1:1. 
 
3.3.4 Voltage Levels, Maximum Power and Current 
The maximum allowed voltage, power and current on the power line is equal to values discussed 
in the design of a traditional coupling circuit. The maximum voltage level is 134 dBµV, 
maximum power 3.17 W and the resulting maximum current is 3.56 ARMS. 
 
3.3.5 Core Material 
An E30 core was chosen, manufactured from Mn-Zn ferrite material [6]. This core set has the 
following properties: core cross-sectional area Ae = 60 mm
2, flux path-length le = 67 mm, 
intrinsic permeability μi = 3800, and saturation flux density BSAT = 400 mT [50]. 
 
3.3.6 Current Density, Skin Effect and Number of Strands 
The triaxial cable was made by adding an additional shield around an RG 174 coaxial cable. The 
RG 174 coaxial cable is rated for operation up to 1000 MHz [49]. At this frequency the triaxial 
cable has an attenuation loss of 104.99 dB/100m, this is acceptable since only a short piece of 
cable is needed in this application. 
 
3.3.7 Number of Turns 
By dividing the window area with the area of the triaxial cable the number of turns can be 
calculated. The maximum number of windings was designed for to ensure that the magnetic field 
in the primary overcomes the magnetic losses in the transformer core. A packing-factor of 55% 
will be used to calculate the number of turns that will fit on the core. 
 
Figure 23 - E30 Transformer Core [50] 
 




Firstly, the area of the core window was calculated to be 119.31 mm2. Then the outer diameter 
of the triaxial cable was measured to be 3.5 mm and with this the area of the triaxial cable was 
calculated as 9.62 mm2. From this it was calculated that 6.5 turns will fit in the window. 
 
3.3.8 Flux Density 
To ensure that the transformer does not saturate the flux density of the transformer must be 




2𝜋(1 × 106)(60 × 10−6)(6.5)
=  0.5 𝑚𝑇  
 
The flux density was calculated by using the cut-on frequency and is far lower than the allowable 
400 mT. 
 
3.3.9 Leakage Inductance 
The leakage inductance of the transformer can be calculated using equation 3.1 below. The 
leakage inductance calculated below is dependent on the length of the second shield on the 
triaxial cable. The centre radius of the core, r1, was measured as 0.24 mm. The radius from the 





Figure 24 - Illustration of Cross-section of Triaxial Cable [51] 








(1 + 4 ln(
𝑟2
𝑟1
)) [H/m] (3.1) 
 
The leakage inductance between the first shield and second shield was calculated to be 171.47 
nH/M, between B and C on Figure 20. The leakage inductance between the core and first shield 
of the triaxial wire was calculated as 280 nH/m, between A and B on Figure 20. Before the length 
of the wire is calculated the required leakage inductance must be calculated. This was done using 
equation 2.8 with a cut-off frequency of 100 MHz, the required leakage inductance was 
calculated to be 80 nH. 
 
As mentioned above the parameters of the integrated coupling circuit are interdependent. The 
length of cable determines the series and the leakage inductance. Both these variables determine 
the bandwidth and resonant frequency of the coupling circuit. After the required length of cable 
is calculated to create the leakage inductance, the capacitance for that length of cable can be 
determined. However, the leakage inductance and capacitance between the various layers of the 
triaxial cable are different, this adds more complexity to the design of the integrated coupling 
circuit. 
 
After a few iterations of theoretical calculations and prototypes, it was decided to form the series 
capacitor between the core and first shield of the triaxial wire, A and B on Figure 20, and the 
leakage inductance between the first shield and the second shield, B and C on Figure 20. The 
capacitance between A and B stayed constant over the bandwidth of the communication signal, 
where the capacitance between B and C decreases with frequency. These results are shown in 
Figure 40. From this the wire length can be calculated by using the following equation: 
 





= 0.4665 𝑚 (3.2) 
 
To ensure the correct leakage inductance is achieved the length of the second shield will be the 
same length as the entire triaxial cable, this will allow for adjustment of the leakage inductance 
after the coupling circuit has been constructed since the second shield can be removed. The total 
length of the second shield around the coaxial cable will initially be 0.580 m which equates to a 




leakage inductance of 99.45 nH. Since the required length of triaxial cable is longer than the 
winding length, the triaxial cable will protrude from the transformer core. 
 
3.3.10 Series Capacitance 








 [𝐹/𝑚] (3.3) 
 
where rti and rin is the outer and inner radii of the 2 cylinders, ε0 is the permittivity of free space 
and εr is the relative permittivity of the dielectric between the 2 cylinders. The dielectric between 
the core and first shield of the triaxial cable is PE and PVC between the first shield and second 
shield. 
 
The capacitance between the primary and the secondary windings was calculated to be 366.4 
pF/m. The capacitance between the core and shield of the coaxial wire was calculated as 132.7 
pF/m, alternatively the capacitance provided by manufacture of 101.97 pF/m between the core 
and first shield can be used. As mentioned above the capacitance will be formed between the 
core and first shield of the triaxial cable. 
 
A low-frequency cut-on point of 2 MHz is required for G.9960/G.9961. The required capacitance 
can be calculated using the cut-on frequency shown in equation 2.7. Alternatively, the required 
capacitance can be calculated using the centre point of the bandwidth. The latter was used to 








4𝜋2(80 × 10−9)(50 × 106)2
 
𝐶 = 126.65 𝑝𝐹  
(3.4) 
 
The length of the triaxial cable needed can be calculated by dividing the required capacitance by 
manufacturer capacitance per meter, this is done in the equation below: 
 









= 1.24 𝑚 (3.5) 
 
The length of cable needed required to form the series capacitance equates to 1.24 m, this would 
make the size of the integrated coupling circuit large. Also, both the leakage inductance and 
series capacitance are dependent on the length of the inner wire that is covered by the first shield. 
By increasing the length of the shield covering the inner wire the capacitance would increase, 
but this in turn causes the leakage inductance to increase as well. Thus, the desired 126.65 pF is 
unobtainable. Instead a delicate balance between the leakage inductance and series capacitance 
was made and a shorter length of 0.6 m was decided on.  This slightly increases the leakage 
inductance and similarly reduces the total series capacitance to 61.18 pF. Also, the inter-winding 
capacitance can be calculated for a cable length of 0.580m, this calculates to 212.51 pF.  
 
3.3.11 Magnetising Inductance 
The magnetising inductance can be calculated by using equation 2.14. The values discussed in 






𝜇0 × 3800 × 60 × 10
−6
67 × 10−3
= 180 𝜇𝐻 (3.6) 
 
3.4 CONSTRUCTION OF THE INTEGRATED COUPLING CIRCUIT 
The images below show the construction of the integrated coupling circuit. Similar to the 
preliminary integrated coupling circuit, the cross-sectional view of the triaxial cable is the same. 
The image below shows the length of each section of the triaxial wire, these values have been 
calculated and discussed in the section above. 
 
Figure 25 - Triaxial Cable Construction and Lengths of Each Section 




The image below is the completed construction of the integrated coupling circuit. The yellow 
insulated wire is the core of the triaxial wire. The integrated coupling circuit has been built using 

















Figure 26 - Constructed Integrated Coupling Circuit 
 
3.5 CONCLUSION 
The implementation of the integrated coupling circuit was discussed in this chapter. The design 
parameters of the integrated coupling circuit were calculated and the construction discussed. It 
was found that the external series capacitor used in traditional coupling circuits can be integrated 
using the parasitic elements found in a triaxial cable. Similar to [9], the leakage inductance was 
also integrated using parasitic elements. The size of the coupling circuit is larger than desired 
but smaller than the commercial coupling circuit. Future work address further reduction in size. 











CHAPTER 4: EXPERIMENTAL WORK 
4.1 INTRODUCTION 
In this chapter both the testing and evaluation strategy will be discussed. Multiple tests will be 
conducted on the coupling circuits to determine if the coupling circuits work to the design 
specifications. The traditional coupling circuit shown in [9] will be compared to the suggested 
improved coupling circuit. In chapter 3 the basic design of the circuit was discussed. In this 
chapter the experimental work will follow. 
 
4.2 EXPERIMENTAL WORK OVERVIEW 
To ensure that the implemented coupling circuit is fully functional, extensive experiments must 
be undergone. To determine the functionality and success of the integrated coupling circuit the 
frequency response of the circuit will be measured. Next, the impedance parameters of the 
physical and parasitic elements will be measured. A spice model can then be constructed and 
simulated. The measured Bode plot can be compared to the simulated Bode plot. This is first 
done with the CENELEC coupling circuit in [9] before performed on the integrated coupling 
circuit. These experimental works will be discussed next. 
 
4.3 EXPERIMENTAL WORK 
4.3.1 Characterising the Coupling Circuit 
In order to characterise the coupling circuit accurately the individual components must be 
characterised and the effects of the parasitic elements as well. After the components have been 
characterised a simulation model of the coupling circuit can be constructed, this model will be 
an approximation of the parasitic elements. The parasitic elements in the simulated model will 
be lumped where the actual coupling circuit has distributed parasitic elements.  
 
Proximity effect as well as skin effect in the windings of the transformer change the characterised 
parasitic elements. The variance of inductance measured can be attributed to proximity effects.  
Skin effect has a greater effect on the resistance of the conductors. At high frequencies these 
losses are emphasized [53]. As the frequency increases the current no longer flows through the 
entire cross section of the wire uniformly but flows in the outer skin of the cylinder, reducing 
the effective area of the conductors, thus increases the resistance. 




The coupling circuit will be characterised using the open-circuit and short-circuit tests. These 
tests can be done on the entire coupling circuit or only the transformer. The coupling circuits 
will be characterised using a combination of these methods. 
 
The parasitic elements of the coupling circuit will be measured according to the phase angle vs 
frequency response measured with an LCR meter. During the open-circuit and short-circuit test 
the phase angle vs frequency response fluctuates with frequency. At a phase angle of -90 ̊ the 
frequency will be noted and the capacitance measured at that frequency, a phase angle of – 90 ̊ 
represents a capacitive load. At a phase angle of 0 ̊ there is no phase shift caused by any 
capacitive or inductive load, thus a purely resistive load can be measured at that frequency. This 
is explained graphically in the figures below. First, the circuit used in this demonstration is a 




Figure 27 - RLC Bandpass Filter Circuit 
 
The Bode plot below is from the simple RLC bandpass filter circuit. This will be used to 
graphically explain at which frequency the various measurements will be made. 
 





Figure 28 - Bode Plot of an LCR Circuit 
 
The phase angle vs frequency is first analysed. The green arrow indicates the frequency where 
an inductive component can be measured, the blue arrow the frequency where a resistive 
component can be measured and the yellow where a capacitive component can be measured. 
When the phase angle changes -180 degrees it indicates that an indictive and capacitive 
component in parallel are resonating. Also, when the phase angle increases by 180 degrees, there 
is a series resonance between an inductive and capacitance load. 
 
The impedance measurements will be made using a GW INSTEK LCR-8110G LCR meter. The 
input voltage level will be set to 1V and the measuring speed to fast.  
 
4.3.1.1 Short-Circuit Test 
The short-circuit test is done by shorting the secondary side of the transformer. This allows the 
leakage inductance and the primary resistance with the reflected secondary resistance to be 
measured [53].  With the secondary winding short-circuited, the secondary output voltage is 








also zero and the applied voltage appears across the leakage inductance. The figure below shows 
how the LCR analyser is connected. 
 
 
Figure 29 - Complete Circuit from Short-Circuit Test [54] 
 
With the secondary winding short-circuited, the secondary output voltage is zero. This means 
that the voltage across the magnetising inductance in the primary winding is also zero and the 
applied voltage appears across the leakage inductance. It should also be mentioned that this is 
not the most accurate way of measuring the leakage inductance, an accurate method of 
determining the leakage inductance can be found in [55]. However, the method described above 
will be used and an error in measurement is expected.  
 
4.3.1.2 Open-Circuit Test 
By doing an open-circuit test on the transformer the magnetising inductance and copper 
resistance can be measured. Also, the effects of the inter-turn capacitance can be seen. 
 
 
Figure 30 - Complete Circuit from Open-Circuit Test [54] 
 
- Circuit 




The open circuit test is done by characterising the transformer on the power line side and leaving 
the communication low voltage side open-circuit. The primary resistance, core loss, magnetising 
inductance as well as inter-turn capacitance can be measured with an impedance analyser [53]. 
Only the effect of the inter-turn capacitance can be seen. The inter-turn capacitance is distributed 
across the windings.  
 
4.3.1.3 Inter-Winding Capacitance 
Measuring the capacitance across the transformer will result in the measurement of the inter-




Figure 31 - Measurement of Inter-Winding Capacitance [54] 
 
4.3.2 Bode Analyser vs Simulation 
To ensure that the coupling circuit is functioning according to the design, the Bode plot will be 
produced with a Bode analyser. The figure below shows the RedPitaya measurement equipment 
used to measure the Bode plot of the coupling circuit. 
 
Figure 32 - RedPitaya Bode Analyzer 




From the Bode plot the upper and lower cut-off frequencies can be determined. The RedPitaya 
has two input channels and two output channels. The first output channel is connected to the first 
input channel and the power line side of the coupling circuit. The second input channel is 
connected to the communication side of the coupling circuit. The RedPitaya automatically 
determines the gain and phase shift between the input and output signal, from this the Bode plot 
can be created. This cut-off frequency will determine if the coupling circuit is operating 
according to design parameters. The main disadvantage of using the RedPitaya is that the Bode 
analyser can only measure accurately to 13 MHz.  In the previous chapter the integrated coupling 
circuit is designed to have a cut-off frequency of 100 MHz. To ensure that the coupling circuit 
is working correctly at frequencies higher than what the RedPitaya can measure, a signal analyser 
will be used. The signal analyser used to measure the high frequency response of the coupling 
circuit is a LIG Nex1 LSA-30D with a ROHDE&SCHWARZ SMB 100A signal generated. This 




The coupling circuits will be modelled in LTSpice. The Bode plot of the simulated coupling 
circuits are used for faster iterations of the design process. The simulated coupling circuit will 
be composed of the physical components and the parasitic elements, in simulation the parasitic 
elements will be lumped together and not distributed. 
 
4.4 CONCLUSION 
The experimental work is critical to ensure the integrated coupling circuit is designed correctly. 
The experiments performed on the coupling circuit were discussed. Also, it was noted that he 
parasitic elements are distributed and not lumped. The CENELEC coupling circuit will be 
characterised before the integrated coupling circuit to ensure that the methodology of the 
experiments are correct. The next chapter will discuss the implementation of the integrated 
coupling circuit as well as give an overview of the issues faced. 




CHAPTER 5: RESULTS AND ANALYSIS 
5.1 INTRODUCTION AND OVERVIEW 
This chapter will discuss the results and analysis of all the experiments. The methodology of 
each experiment is explained and discussed in chapter 4. The results of the known characterised 
coupling circuit in [9] will be compared to the results obtained from the measurements in this 
thesis to ensure that they yield accurate results. Only then can the improved integrated coupling 
circuit can be characterised. 
 
5.2 MEASUREMENT RESULTS AND ANALYSIS 
5.2.1 Measurement 1: Characterising the CENELEC Coupling Circuit 
The following measurements where made with an impedance analyser, since the parasitic 
elements of the coupling circuit are not constant with frequency the phase angle vs frequency 
graph will be determined, this will determine at which frequency the impedance analyser is 
reading a pure inductor, capacitor or resistor. At +90 degrees the impedance analyser will 
accurately read the inductance of the circuit at that frequency, similarly at -90 degrees the 
capacitance can be measured. At 0 degrees the inductive and capacitive reactance of the circuit 
cancel each other and the resistance can be measured at this frequency. 
 
Characterising the parasitic elements of a component is complex. Capacitors, inductors, resistors 
and transformers have parasitic components that are nonlinear functions of frequency, or 
excitation, or both [53]. The parasitic elements of the transformer equivalent circuit are not actual 
components, but distributed elements usually considered as lumped, which adds more 
complexity to the characterization of the transformers. 
 
5.2.1.1  Characterising the Series Capacitor 
The capacitor exhibits nonlinearities and as the frequency increases the impedance varies. To 
minimize these inconsistencies the phase angle vs frequency graph was determined first. After 
this the three distinct points were used to estimate the characteristics of the capacitor as discussed 
before. This is shown in the figure below: 
 





Figure 33 - Phase Angle vs Frequency of Series Capacitor 
 
At point 1 the lowest phase angle of -89.866 ̊ was measured at 1.4677 kHz. At his frequency the 




Figure 34 - Series Capacitance of Capacitor 
 
At point 2 on Figure 33 the 0-degree cross over point the frequency was measured as 1.2115 
MHz at which the series resistance was measured to be 396.79 mΩ from the graph represented 
in Figure 35. 
 





Figure 35 - Series Resistance of Capacitor 
 
At the third point on Figure 33 the frequency is 10 MHz and the measured phase angle 93.946 ̊, 




Figure 36 - Series Inductance of Capacitor 
 
From the measurements taken the capacitor can be characterised. The series capacitor of the 
coupling circuit looks as follows: 
 





Figure 37 - Equivalent Circuit of Series Capacitor 
 
 
5.2.1.2  Characterising the Coupling Circuit as a Whole 
Open-circuit Test 
With the open circuit test measuring from the power line side the series capacitance, parallel 
inter-turn capacitance, core losses as well as magnetising inductance can be measured. The 
following components and elements will be measured: 
 
Figure 38 - Components and Parasitic Elements that can be Measured During Open-circuit Test of Entire 
Coupling Circuit Referred to the Primary 
 
Firstly, the phase angle vs frequency was observed to determine at which frequencies the 
components must be characterised. The figure below shows 5 distinct points of interest. By 
analysing the phase angle vs frequency of the entire coupling circuit it shows which components 
resonate with one another and indicates which parameters need to be altered to change the 
behaviour of the coupling circuit. For instance, by decreasing the series capacitance the 
magnetising inductance will only resonate with the series capacitance at a higher frequency, this 
will move the cut-on frequency of the bandpass filter to a higher frequency. 





Figure 39 - Phase Angle vs Frequency of Open-circuit test 
 
Below 30 kHz the impedance analyser measures a predominantly capacitive effect, this 
capacitance resonates with a series inductance at a frequency of 51.085 kHz as shown at point 2 
on Figure 39. Point 4 on Figure 39 indicates a series inductance resonating with a parallel 
capacitance at 1.1548 MHz. The series inductance is the leakage inductance of the transformer 
and the parallel capacitance is the inter-turn capacitance of the transformer. 
 
At point 1 on Figure 39 the series capacitance of the coupling circuit can be measured and 
compared to the series capacitance measured in Figure 34. This is depicted in Figure 40 below: 
 
 
Figure 40 - Series Capacitance of Coupling Circuit 




By measuring the behaviour of the coupling circuit as a whole the series capacitance can be 
measured and confirmed to be correctly measured in the previous section.  
 
It is important to note that when the phase angle increases from a negative angle to a positive 
angle that it is caused by a series inductive component. Thus, from point 2 on Figure 39 the series 
resistance of the coupling circuit can be measured and is shown in the figure below: 
 
 
Figure 41 - Series Resistance of Transformer 
 
The winding resistance can be measured by measuring the series resistance of the coupling 
circuit. This measured resistance includes the ESR of the series capacitor. The winding resistance 
can then be calculated by subtracting the series capacitors ESR in Figure 35 from the measured 
resistance in Figure 41. Therefore, 
 
𝑅𝑤𝑖𝑛𝑑𝑖𝑛𝑔 = 1.2305 − 0.39679 = 0.8337 𝛺 
 
The resistance of the coper winding on the primary side of the transformer is calculated to be 
0.8337 Ω. From point 3 on Figure 39 the magnetising inductance can be measured. 
 





Figure 42 - Parallel Inductance from Primary Side 
 
Measuring the inductance at the centre of the peak the magnetising inductance was found to be 
104.40 µH. The same measurement was repeated on the secondary side of the transformer and 
the magnetising inductance was measured as 111 µH. This confirms that the transformer is 
wound with a 1:1 ratio. 
 
It is important to note that when the phase angle decreases from a positive angle to a negative 
angle that it is due to a parallel capacitive component. Thus, from point 4 on Figure 39 the 
parallel resistor representing the core losses was measured to be 1.8017 kΩ. This is shown in 
Figure 43 below.  
 
Figure 43 - Parallel resistance of transformer 




However, this is just a crude estimation of the core losses of the transformer under low excitation 
conditions. From point 5 on Figure 39 the parallel capacitance on the primary side was measured 
to be 208.03 pF. This parallel capacitance is the inter-turn capacitance of the transformer, 
performing the same test on the secondary side the inter-turn capacitance was 210.81pF. 
 
 
Figure 44 - Parallel Capacitance 
 
From all the measured results the values from the open circuit test can be filled into Figure 45 
below.  
Figure 45 - Complete Primary Circuit from Open Circuit Test and Capacitor Characterisation 
 
 





By measuring the phase angle of the coupling circuit from the power line side with the secondary 
of the transformer short-circuited the leakage inductance can be measured. First the phase angle 
vs frequency of the coupling circuit was analysed: 
 
 
Figure 46 - Phase Angle of Coupling Circuit-Short Circuit Test 
 
Knowing the capacitance of the capacitor in the coupling circuit the resonating inductance can 
be measured, this inductance is the sum of the leakage inductance and the capacitor’s parasitic 
inductance.  
 
Figure 47- Series Inductance of Coupling Circuit 
 




The result appears in Figure 47 above. The series inductance of the transformer can then be seen 
to be 1.3616 µH. The leakage inductance of the transformer can then be calculated by subtracting 
the equivalent series inductance of the capacitor from the magnetising inductance of the 
transformer. This equates to a leakage inductance of 1.1313 µH. The leakage inductance has an 
industry rule of thumb that says that the leakage inductance should not be more that the 1% of 
the magnetising inductance [53]. In this transformer the leakage inductance is 1.08%, this is due 
to the fact that the leakage inductance has been purposefully increased to mitigate the need for 
an external series inductor on the power line side of the coupling circuit. 
 
Inter-winding Capacitance 
The inter-winding capacitance of the transformer can be measured by short-circuiting both sides 
of the transformer and measuring across the transformer. The capacitance was measured to be 
28.063 pF at a frequency of 146.78 Hz, this is shown in figure below. 
 
 
Figure 48 - Inter-winding Capacitance Between Primary and Secondary of Transformer 
 
With all the measurements made the equivalent circuit of the coupling circuit can be constructed:  





Figure 49 - Equivalent Circuit Model of the CENELEC Coupling Circuit in [9] 
 
The bandwidth of the bandpass filter created by the coupling circuit can be determined by 
calculating the low-frequency cut-on point and the high-frequency cut-off point. The low-
frequency cut-on point is determined using equation 2.7. The cut-off frequency of the coupling 
circuit is determined using equation 2.8.  
 





 =  
1
2𝜋(50)(90.769𝑛)
=  35 𝑘𝐻𝑧 (5.1) 
 
This theoretical value is within 3% of the measured and simulated cut-on frequency at -3dB, this 






 =  
50
2𝜋(1.1313𝜇)
= 7 𝑀𝐻𝑧 (5.2) 
 
The 7 MHz calculated gives an indication of the cut-off frequency. However, when the coupling 
circuit is connected to a power line and all the other components considered the cut-off frequency 
will be higher than calculated. The cut-on and cut-off frequency of the coupling circuit needs to 
have sufficient safety factor included, any fluctuation in the impedance of the power, this is 
discussed in detailed in [9]. In the next section the simulated Bode plot will be compared to the 
measured one.  
 




5.2.2 Measurement 2: Bode Plot of the CENELEC Coupling Circuit 
The transfer function of the coupling circuit was measured using a 10 MHz Bode analyser and 
simulated using the circuit shown in Figure 49. The graph below shows how the simulated results 
match the measured results. With a high impedance termination, the resonance peaks show 




Figure 50 - Amplitude vs Frequency of Measured and Simulated 
 
These results confirm that the simulation model is an accurate representation of the coupling 
circuit. The graph below represents the phase angle vs frequency. The simulated and measured 
results correlate well. With a high termination impedance, the phase angle varies over the 



































Measured Amplitude Transfer - Line to Comms (50ohm termination)
Measured Amplitude Transfer - Line to Comms (high Z termination)
Simulated Amplitude Transfer - Line to Comms (50 ohm termination)
Simulated Amplitude Transfer - Line to Comms (high Z termination)





Figure 51 - Phase Angle vs Frequency of Measured and Simulated 
 
Since the measurements and simulation of the traditional coupling circuit have been completed 
to satisfaction, the same experiments can now be done on the integrated coupling circuit.  
 
5.2.3  Measurement 3: Characterising the Integrated Coupling Circuit 
The series capacitance of the integrated coupling circuit is created from the inherent elements of 
the triaxial cable. The figure below shows the distributed parasitic elements of the triaxial cable. 
The insulation between the core and first shield of the triaxial cable form a capacitor. This 
capacitor can be connected either across the length of the triaxial cable or from one side.  
 
 
Figure 52 - Distributed Circuit of the Core and Shield of the Triaxial Cable at High Frequency 




Figure 52 represents the distributed nature of a coaxial at high frequency. The series capacitance 
needed for the coupling circuit is formed between A and B, from one side, or between A and B’, 
across the terminals of the transformer. In this experiment both methods of connecting the 
measurement probes will be explored. These results will then be compared to determine which 
method is more suitable in this application. The parasitic capacitance between the core and first 
shield of the triaxial cable will be characterised whilst the triaxial cable is wound around the core 
of the transformer. 
 
5.2.2.1 Characterising of the Series Capacitor 
The first set of results is obtained by measuring across the triaxial cable, between A and B’. 
 
 
Figure 53 - Phase Angle vs Frequency of Series Capacitor Measured Across the Transformer 
 
At the first point in Figure 53 the lowest phase angle of -90.191 ̊ was measured at 3.8056 kHz. 










Figure 54 - Series Capacitance of Capacitor Measured Across the Transformer 
 
The measured capacitance agrees with the theoretical calculated capacitance in the design of the 
integrated coupling circuit which was 61.18pF, the physical capacitance has an error of 9.4%. 
The figure below shows the series parasitic resistance of the series capacitor. 
 
 
Figure 55 - Series Resistance of Capacitor Measured Across the Transformer 
 
The equivalent series resistance was measured to be 1.6233 kΩ, which is an order of magnitude 
larger than the capacitor’s resistance measured in the traditional coupling circuit. Next, the 
equivalent series inductance of the capacitance can be measured. 
 





Figure 56 - Series Inductance of Capacitor Measured Across the Transformer 
 
Figure 56 shows that there is no or very little parasitic inductance in the series capacitor. This is 
one of the disadvantages of using an LCR analyser with a maximum frequency of 10 MHz. The 
series capacitor should have some parasitic inductance at high frequency. However, since the 
parasitic inductance cannot be measured the simulated integrated series capacitor will not have 
a parasitic inductive value. Resolving this matter will be discussed as possible future work. 
 
The following results obtained from the series capacitor of the integrated coupling circuit is 
measured from the one side of the triaxial cable, as depicted in Figure 52, between A and B. The 
first graph shows the phase angle vs frequency of the series capacitor. The phase angle varies a 
lot less than the previous measurement. 
 
 
Figure 57 - Phase Angle vs Frequency of Series Capacitor Measured on One Sided of the Transformer 




The series capacitance was measured to be 66.759 pF, this has an error of 1.12 % compared to 
measuring across the terminals of the transformer. 
 
 
Figure 58 - Series Capacitance of Capacitor Measured on One Sided of the Transformer 
 
The equivalent series resistance of the capacitor is an order of magnitude lower than previously 




Figure 59 - Series Resistance of Capacitor Measured on One Sided of the Transformer 
 




This method of forming the equivalent series inductance in the series capacitor yielded no results. 
Similar to the previous results, there is very little to no ESL. At higher frequencies the parasitic 
inductance should become more prominent. 
 
 
Figure 60 - Series Inductance of Capacitor Measured on One Sided of the Transformer 
 
From these results there are no differences other than the equivalent series resistance between 
measuring the capacitance across the terminals or one sided as seen in Figure 52. From the results 
obtained, the series capacitor will be created between A and B shown in Figure 52. This method 
has the least equivalent series resistance.  
 
5.2.2.2  Characterising the Transformer Structure 
With the characterisation of the traditional coupling circuit it was possible to characterise the 
complete coupling circuit. With the characterisation of the integrated coupling circuit it is not 
possible. The resonant frequencies are above the measurable scope of the LCR analyser. The 
transformer characteristics of the integrated coupling circuit will be measured separately from 
the series capacitor created between the core and the first shield of the triaxial cable. 
   
Open-circuit Test 
With the open circuit test measuring from the primary side, the core losses and the magnetising 
inductance can be determined. The phase angle can be observed in the figure below. 
 





Figure 61 - Phase Angle vs Frequency for the Open-circuit Test 
 
Point 1 on Figure 61 indicates the magnetising inductance resonating with a parallel capacitance, 
CP in figure 16, at 17.599 kHz. The parallel inductance is the magnetising inductance, LM in 
Figure 16, of the transformer and the parallel capacitance is the inter-turn capacitance of the 
transformer. The measured magnetising inductance is shown below: 
 
 
Figure 62 - Magnetising Inductance from Primary Side 
 
The magnetising inductance measured at the centre of the peak is 148.36 µH. The same 
measurement was repeated on the secondary side of the transformer and the magnetising 








Figure 63 - Magnetising Inductance on Secondary side 
 
From point 2 on Figure 61 the resistance representing core losses was measured to be 1.65 kΩ. 




Figure 64 - Parallel resistance of transformer 
 
 





By measuring the phase angle of the coupling circuit from the power line side with the secondary 




Figure 65 - Phase Angle of Coupling Circuit 
 
The marked point at 10 MHz can be used to measure the series inductance. This point was used 
as it measured the highest series inductance. With a LCR analyser that has the ability to measure 
the impedance at higher frequency the results obtained will be more accurate.  
 
 
Figure 66 - Series Inductance of Coupling Circuit 




The series inductance measured is the leakage inductance of the transformer, this value is close 
to the 99.45 nH calculated in chapter 5 with the additional shield to adjust the leakage inductance. 
The measured results have 15.6% error compared to the theoretical calculations. The graph 
below shows the series resistance of the transformer. The series resistance is measured as 68.561 
mΩ. The series resistance is the resistance of the copper in the primary winding.  
 
 
Figure 67 - Series Resistance of Primary Side 
 
Inter-winding Capacitance 
The inter-winding capacitance of the transformer can be measured by short-circuiting both sides 
of the transformer and measuring across the transformer, from terminal B to terminal C in Figure 
20. The capacitance was measured to be 228.12 pF and is shown in the figure below: 
 
 
Figure 68 - Inter-turn Capacitance of Primary Side 




As mentioned in the design of the integrated coupling circuit, the capacitance between the first 
and second shield, B and C in Figure 20, decreases as the frequency increases. With all the 
measurements made the equivalent circuit of the coupling circuit can be constructed:  
 
 
Figure 69 - Simulated Equivalent Circuit 
 
The bandwidth of the bandpass filter created by the coupling circuit can be determined by 
calculating the low-frequency cut-on point and the high-frequency cut-off point. The low-
frequency cut-on point is determined by equation 2.7. The cut-off frequency can be determined 
by using equation 2.8. 
 






 =  
1
2𝜋(50)(66.759𝑝)
=  46.92 𝑀𝐻𝑧 (5.3) 
 
The calculated cut-on frequency of the integrated coupling circuit is a lot higher than expected, 
this may be a result form coupling circuit formula no longer applying to the integrated coupling 
circuits, the distributed nature of the series capacitance may have an effect on the behaviour of 
the bandpass filter. This will be investigated in the measured and simulated results. 
 






 =  
50
2𝜋(83.951𝑛)
= 94.79 𝑀  (5.4) 





These results will be investigated in the next section where the simulated and measured results 
are compared.  
 
5.2.4 Measurement 4: Bode Plot of the Integrated Coupling Circuit 
The circuit shown in Figure 69 was used to determine the Bode plot of the integrated coupling 
circuit through simulation. The graph below shows the amplitude response of the simulated and 
measured integrated coupling circuit. 
 
 



































Measured Amplitude Transfer - Line to Comms (50ohm termination)
Measured Amplitude Transfer - Line to Comms (high Z termination)
Simulated Amplitude Transfer - Line to Comms (50 ohm termination)
Simulated Amplitude Transfer - Line to Comms (50 ohm termination)





The graph below shows the phase angle vs frequency response. 
 
 
Figure 71 - Phase Angle vs Frequency of Measured and Simulated 
 
The simulated Bode plot shown in Figure 70 does not seem correct. The simulated integrated 
coupling circuit showed an expected Bode plot at low frequencies, this also matched the 
measured results. At high frequencies where the amplitude response is expected to decrease the 
simulated results showed no decrease, this is confirmed in Figure 75 where the bode plot was 
measured up to 150 MHz. Some alterations have been made to the simulation model to reflect 
the actual coupling circuit.  Since the leakage inductance of the transformer is not a physical 
component it cannot be part of the transformer in simulation. The leakage inductance was placed 
in series with the transformer. In simulation the coupling capacitance between the primary and 
secondary was moved so that it does not include the series leakage inductance but only the series 
resistance. Figure 72 can be compared to Figure 69 for further clarification. After the simulated 
circuit was adjusted, the simulated results resembled the results measured from integrated 
























Measured Phase Transfer - Line to Comms (50ohm termination)
Measured Phase Transfer - Line to Comms (high Z termination)
Simulated Phase Transfer - Line to Comms (no Z termination)
Simulated Phase Transfer - Line to Comms (50 ohm termination)




The figure below shows the updated model that has been simulated.  
 
Figure 72 - Improved Model of the Integrated Coupling Circuit 
 
The amplitude vs frequency response of the simulated and measured integrated coupling circuit 
are shown in the figure below. The amplitude of the simulated frequency response decreases 
after the cut-off frequency of 100 MHz. This indicates that the improved simulation model 
represents the integrated coupling circuit more accurately than before. The simulated 50Ω 
terminated frequency response matches the high impedance termination response after 1.3MHz.   
 
 
Figure 73 - Amplitude vs Frequency Response of the Integrated Coupling Circuit 




As shown in the phase angle vs frequency response below. It is clear that the simulated coupling 
circuit represents the actual integrated coupling circuit with close resemblance. The 50 Ω 
terminated phase angle response is close to that of the simulated response. 
 
 
Figure 74 - Phase Angle vs Frequency Response of the Integrated Coupling Circuit 
 
The amplitude response measured with the signal analyser is shown below. The measured 
amplitude decreases after the cut-off frequency of 100 MHz which was calculated in chapter 4. 
 





Figure 75 - Amplitude vs Frequency Response of the Integrated Coupling Circuit from the Signal Analyser 
 
From the Bode plot above it can be seen that the improved integrated coupling circuit model 
represents the physical coupling circuit more accurately. To obtain the cut-off frequency, the 
frequency was measured at -3 dB from the centre of the bode plot. This equates to a cut-off 
frequency of 114.9 MHz. Conversely the integrated coupling circuit were measured at -3 dB 
with a cut-off frequency of 130 MHz. The higher measured cut-off frequency compared to the 
simulated cut-off frequency can be contributed to the simulated model not accurately 
representing the integrated coupling circuit. The simulated parasitic elements are lumped 
whereas the physical integrated coupling circuit has distributed parasitic elements. With the 
secondary windings laying next to each other, the outer wick comes in close proximity to each 
other, this means that the effect of a lumped capacitance across the secondary windings can be 
measured when measuring a parallel capacitance on the secondary side, but the same cannot be 
said on the primary side of the transformer. The first shield is sandwiched between two layers of 
the secondary windings. 
 
 




5.3 COST AND SIZE ANALYSIS 
The integrated coupling circuit’s size and cost can be compared to the STEVAL-XPLM01CPL 
manufactured by STMicroelectronics. The STEVAL is a commercial Power Line 
Communication coupling circuit. Discrete components are used in the construction of the 
commercial coupling circuit. The integrated coupling circuit uses the same typology as the 
commercial coupling circuit; thus a more direct comparison can be made between the two. 
Furthermore, the circuit has surge protection built in form of a MOV, fuse and a TVS diode, 
these protect against surge protection and static discharge. Figure 76 below shows the coupling 
circuit inside it’s enclosure and Figure 77 the circuit diagram. 
 
 
Figure 76 - STEVAL Power Line Communication Coupling Circuit [56] 
 
Figure 77 - STEVAL-XPLM01CPL Circuit Diagram [56] 
 
5.3.1 Size Analysis 
The winding of the alternative integrated coupling circuit is woune around a E30 core. With the 
windings protruding the dimensions of the integrated circuit can be measured as 30x30x35mm. 
This gives the integrated coupling circuit a volume of 31.5 cm3. The STEVAL’s PCB is 
70x32mm with the highest component measuring at 20mm calculating to a volume of 44.8 cm3. 
The integrated coupling circuit is 30% the size of the commercial coupling circuit. The aim of 




the initial integrated coupling circuit is not to reduce the size of the coupling circuit but to prove 
that an integrated coupling circuit made from a single component is possible. However, the size 
of the integrated coupling circuit can be reduced by making the tri-axial cable thinner. The 
thinner tri-axial cable will increase the series capacitance created between the inner wire and 
first shield thus shorter cables are need and the transformer core can be reduced.   
 
5.3.2 Cost Analysis 
The commercial coupling circuit can be bought for R500 [57]. The price of the commercial 
coupling circuit does include profit and thus a fair comparison cannot be made. The cost of the 
integrated coupling circuit is calculated in the table below: 
 
Table 2 - Cost Breakdown 
Component Cost of Components Cost per Integrated Coupling Circuit 
E 30 core R5.50 per core R11.00 
Solder Wick R46.52 per 1.5m R18.61 per 0.6m 
Coaxial Cable R51 per 10m R3.06 per 0.6m 
Total  R32.67 
 
Not only is the integrated coupling circuit more cost effective compared to the commercial 
coupling circuit it is also easily manufactured. The entire integrated coupling circuit is composed 
of a single transformer whereas the commercial coupling circuit has individual components 
solder onto a PCB. This increases the manufacturing cost and difficulty. Both coupling circuits 
have transformers that are wound 1:1 but the integrated coupling circuit is in working condition 
with this single component. 
 
5.4 CONCLUSION 
The coupling circuit provided in [9] has a winding ratio of 1:1, this coupling circuit was analysed 
and characterised before the integrated coupling circuit was designed and characterised. The 
results of the CENELEC coupling circuit was compared to the results found in [9] to ensure that 
the testing method was accurate and reliable. By performing the same experiments on the 
integrated coupling circuit, the results can be deemed accurate and correct. These results indicate 
that it is possible to design an integrated coupling circuit and that it has been implemented 
successfully. Further, the cost and size of integrated coupling circuit was compared to the 




commercial coupling circuit. The integrated coupling circuit is cheaper than commercial 
coupling circuit and has a reduced size as well. 




CHAPTER 6: CONCLUSIONS 
6.1 INTRODUCTION AND OVERVIEW 
This chapter is the last and final chapter of the thesis and is a short overview of the integrated 
coupling circuit. The conclusion of the project is discussed in this chapter, the outcome of the 
project is compared to the requirements and constraints set in chapter 1. This chapter is an 
overview of the work from the beginning and links everything together. 
 
Chapter 1 was the introduction to the thesis project where the scope and objectives of the project 
were discussed. In this chapter the open-ended question was posed, requirements and 
specifications to the solution were outlined. 
 
In chapter 2 the functionality of the complete project was discussed with the constraints and 
requirements of the project. The problem statement was discussed in more detail and analysed. 
This chapter ensures that the problem requirements are listed and that the problem is understood 
before a solution is found.  
 
The literature review is discussed in chapter 2 and illustrates the current technology regarding 
PLC and coupling methods. After research has been done, all the aspects of the design were 
compared to each other to determine the best solution.  
 
The modular design methodology was considered in chapter 3. The design process started by 
ensuring that all the requirements and constraints were met. All possible designs were taken into 
consideration before a final solution was found and implemented. 
 
A detailed discussion on the experimental work is discussed and provided in chapter 4. All 
designs were in accordance to chapter 2. 
 
The results are listed and analysed in chapter 5 and compared to the requirements and constraints. 
This is achieved by performing the experiments described in chapter 4. 
 




6.2 OBJECTIVES AND REQUIREMENTS ARCHIVED 
6.2.1 Objectives 
Conventional coupling circuits have been investigated and the shortcomings established. One 
drawback of traditional coupling circuit is the use of multiple components, these components 
add cost to the coupling circuit. The integrated coupling circuit reduces the number of 
components to one single triaxial cable. The size and cost of the coupling circuit has been 
reduced; however this is listed under future work and can be improved upon further. All the 
objectives set in chapter 1 have been met. 
 
6.2.2 Requirements 
The requirements set in chapter 2 have been met. The integrated coupling circuit is robust and a 
permanent solution. The results obtained in chapter 5 are repeatable. The phase angle does not 
vary within the bandwidth of the coupling circuit, this will not add any unwanted phase distortion 
to the communication signal. The integrated coupling circuit is galvanically isolated and blocks 
the high voltage / low frequency signal from the power line. The coupling circuit is simple to 
manufacture and cost effective.  
 
6.3 FUTURE WORK 
There are a few aspects of the integrated coupling circuit that need to be investigated and 
improved upon. Firstly, the different methods of connecting the series capacitance of the 
coupling circuit must be investigated. The parasitic elements of the components should be 
characterised using an impedance analyser that can measure at higher frequency. This will 
improve the simulated model and results. 
 
The size of the integrated coupling circuit can be reduced by using a triaxial cable with a smaller 
outer diameter. The reduced triaxial outer diameter will increase the parasitic capacitance. This 
means that the leakage inductance can and should be reduced to maintain the same resonant 
frequency.  
 
Finally, the integrated coupling circuit needs to be tested in an actual PLC-modem to verify that 
it meets the specifications. This can be done by using a variac to provide a low voltage 50 Hz 




sine wave at first. One integrated coupling circuit can be used as transmitter to send a 
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